We investigated the slow release of Zn ion (Zn 2+ ) from nanocoatings and compared the in vitro response of osteoblasts (MC3T3-E1) and proosteoclasts (RAW 264.7) cultured on Ca 2 ZnSi 2 O 7 nanocoated with different Zn/Ca molar ratios on a Ti-6Al-4V (i.e., Ti) substrate to optimize cell behaviors and molecule levels. Significant morphology differences were observed among samples. By comparing with pure Ti and CaSiO 3 nanocoating, the morphology of Ca 2 ZnSi 2 O 7 ceramic nanocoatings was rough and contained small nanoparticles or aggregations. Slow Zn 2+ release from nanocoatings was observed and Zn 2+ concentration was regulated by varying the Zn/Ca ratios. The cell-response results showed Ca 2 ZnSi 2 O 7 nanocoating at different Zn/Ca molar ratios for osteoblasts and osteoclasts. Compared to other nanocoatings and Ti, sample Zn/Ca (0.3) showed the highest cell viability and upregulated expression of the osteogenic differentiation genes ALP, COL-1, and OCN. Additionally, sample Zn/Ca (0.3) showed the greatest inhibition of RAW 264.7 cell growth and decreased the mRNA levels of osteoclast-related genes OAR, TRAP, and HYA1. Therefore, the optimal Zn-Ca ratio of 0.3 in Ca 2 ZnSi 2 O 7 ceramic nanocoating on Ti had a dual osteoblast-promoting and osteoclast-inhibiting effect to dynamically balance osteoblasts/osteoclasts. These optimal Zn-Ca ratios are valuable for Ca 2 ZnSi 2 O 7 ceramic nanocoating on Ti-coated implants for potential applications in bone tissue regeneration.
Introduction
In bone tissue engineering, calcium silicate-based ceramics, such as CaSiO 3 and Ca 2 SiO 4 , are promising as potential implant biomaterials based on their bioactive and biocompatible properties [1, 2] . Recently, novel ion-modified CaSi-based ceramics were developed to improve their chemical stability and biomedical properties. Introduced ions mainly include divalent (e.g., Zn, Mg, and Sr) [3] [4] [5] and tetravalent (e.g., Zr and Ti) ions [6, 7] . Compared with pure calcium silicate coatings, tetravalent Ti and Zr-incorporated Ca-Sibased ceramics have been used as stable coatings to improve biomedical properties. Zinc (Zn), an essential trace element, has been demonstrated to play an important role in various physiological processes in humans [8] . However, Zn-modified calcium silicate ceramic coatings have not been widely investigated. Zn was shown to have a stimulatory effect on bone formation and inhibitory or biphasic effect on osteoclastic bone resorption [9] . Furthermore, Zn deficiency in the body can arrest bone growth, bone development, and overall bone health maintenance [10] . However, Zn-modified calcium silicate (Ca 2 ZnSi 2 O 7 ) ceramic coating Ti shows high potential as a biomaterial in bone tissue engineering but has not been investigated in detail.
Journal of Nanomaterials
Previous studies [11, 12] investigated the preparation of Ca 2 ZnSi 2 O 7 ceramic nanocoating on a Ti-6Al-4V (i.e., Ti) substrate and explored the effects on osteoblasts. The results showed that the Ca 2 ZnSi 2 O 7 nanocoating promoted the adhesion, proliferation, and osteoblast differentiation of MC3T3-E1 cells. However, the optimal Zn content in the Ca 2 ZnSi 2 O 7 nanocoating and whether abundant healthy osteoblasts grew on the Zn nanocoating were not confirmed. Various materials can affect osteoclasts when stimulating osteoblasts because of the dynamic balance between these cells [13, 14] . Moreover, we predicted that Zn ion could be released slowly from the Ca 2 ZnSi 2 O 7 ceramic nanocoating to maintain the Zn 2+ content for MC3T3-E1 cells in the medium. Therefore, in this study, we investigated the optimal Zn/Ca ratio in Ca 2 ZnSi 2 O 7 nanocoating and the slow release of Zn from the nanocoating to promote osteogenic differentiation and inhibit osteoclastic differentiation.
Materials and Methods

Materials. Zinc nitrate hexahydrate was purchased from
Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). Calcium nitrate tetrahydrate and tetraethyl orthosilicate were purchased from Sinopharm Chemical Reagent Co., Ltd. Ti6Al-4V substrates were fabricated in our lab. All cell culture reagents were purchased from Life-Tech Co., Ltd. (USA), and cell culture plates were obtained from Corning (Corning, NY, USA). Other analytical grade reagents were purchased from Sigma (St. Louis, MO, USA) and Milli-Q water was produced in our lab.
Preparation of Nanocoatings.
According to previous studies [11, 12] , three types of zinc-modified calcium silicate (Ca 2 ZnSi 2 O 7 ) powders and nanocoatings were prepared. Briefly, using zinc nitrate hexahydrate, calcium nitrate tetrahydrate, and tetraethyl orthosilicate, nanoscale Ca 2 ZnSi 2 O 7 powders were synthesized by the sol-gel method. These powders had different Zn/Ca molar ratios of 0.1, 0.3, and 0.5, respectively, and were named as samples Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5). The produced Ca 2 ZnSi 2 O 7 powders were sprayed onto Ti-6Al-4V substrates with dimensions of 10 × 10 × 2 mm and ø10 × 1 mm. To prepare all nanocoatings, the atmosphere plasma spray (APS) system (Sulzer Metco, Winterthur, Switzerland) was employed to generate a coating thickness of approximately 170 mm. CaSiO 3 coatings were prepared using pure CaSiO 3 nanopowder, named as sample Zn/Ca (0), because of the lack of the Zn element. After spraying, all samples, including Ti6Al-4V substrates (named as sample Ti) as a control, were ultrasonically cleaned in acetone, ethanol, and distilled water for 10 min.
Characterizations of Nanocoatings.
Morphological studies of all samples were performed by scanning electron microscopy (SEM) (Hitachi S-4800, Tokyo, Japan). All samples were treated by Pt spraying for 60 s prior to observation at 10x and 5000x magnification by SEM at 10 kV. In addition, the static contact angles of all nanocoatings were measured using a contact angle analyzer (Model SL600; Solon Inform-tech Co. Ltd., Shanghai, China) at 25 ∘ C. Next, 5±0.5 L of Milli-Q water was gently added onto the surface of each sample and measured within 10 s. For statistical analysis, the static contact angles were evaluated for at least 6 random contact test points. 2+ . Two divalent ions of Zn 2+ were studied for in vitro release from the nanocoatings. All samples were immersed in 20 mL alpha-minimum essential medium ( -MEM) for 7 days and then filtered through a 0.22 m membrane (Millipore, Billerica, MA, USA). The test media were diluted 1/20 prior to measurement. The concentration of Zn 2+ was detected using an inductively coupled plasma atomic emission spectrometer (ICP-AES, 710-ES, Varian Medical Systems, Palo Alto, CA, USA). Sample Ti without nanocoatings as a control was also analyzed in the same manner for release studies in vitro.
In Vitro Release Studies of Zn
Cell
Culture. Osteoblasts (MC3T3-E1) and proosteoclasts (RAW 264.7) were kindly provided by Shanghai Cell Bank in the Chinese Academy of Sciences. The MC3T3-E1 cells and RAW 264.7 cells, respectively, were cultivated in the -MEM with penicillin/streptomycin (both 100 units/mL), and 10% of fetal beef serum (FBS) in incubator was supplied with 5% of CO 2 at 37 ∘ C. The -MEM for RAW 264.7 cells contained 10 ng/mL RANKL for osteoclastic differentiation [13] .
CCK-8 Test.
In the cell proliferation test, 2 × 10 4 MC3T3-E1 cells and RAW 264.7 cells were, respectively, seeded onto the surface of discs sterilized with 75% v/v ethyl alcohol for 6 h and UV for 2 h. The cells on samples were cultivated in -MEM at day 3 and day 7, respectively, and viability was assessed by the CCK-8 assay (Cell Counting Kit-8, Sigma). Briefly, the original -MEM was replaced with 500 L of fresh -MEM containing 10% CCK-8. Osteoblast cells on films with CCK-8 were incubated at 37 ∘ C for 1 h to form dissoluble formazan. Next, 100 mL of dissoluble formazan was removed from each sample and added to the well in a 96-well plate, which was analyzed in a microplate reader (SpectraMax M4, Molecular Devices, Sunnyvale, CA, USA) at 450 nm.
Confocal Laser Scanning Microscope (CLSM).
To analyze cell numbers, at day 3 and day 7, cells on the samples were treated with 10% (w/v) paraformaldehyde for 15 min, 0.5% (w/v) Triton X-100 for 20 min, and then DAPI and Phalloidin-Alexa Fluor5 488 (for RAW 264.7 cell) and Phalloidin-Alexa Fluor 555 (MC3T3-E1 cell) in 30 min. Next, the cells were observed by confocal laser scanning microscopy (CLSM, TCS SP5, Leica, Wetzlar, Germany).
Scanning Electron Microscopy (SEM).
At day 7, the cells on samples were also dehydrated in a graded ethanol series of 50%, 60%, 70%, 80%, 85%, 90%, 95%, and 100% (v/v) for 15 min and then treated by freeze-drying to remove residual ethanol for 4 h. Finally, the cells sprayed with Pt for 120 s were evaluated by SEM at 250x magnification. 
Real-Time Quantitative PCR (RT-qPCR).
Using the Quantitect SYBR Green PCR Kit (Qiagen, Hilden, Germany), the expression of 3 osteogenic gene markers for MC3T3-E1, alkaline phosphatase (ALP), collagen type-1 (COL-1), and osteocalcin (OCN), was evaluated by real-time quantitative PCR (RT-qPCR) [15] . The primers used are shown in Table 1 . First, 1 mg of the total RNA from the cells on each film was purified for the synthesis of complementary DNA according to the kit instructions. Similarly, the expression of 3 osteoclastic gene markers for RAW 264.7 cells, osteoclast-associated receptor (OAR), tartrate-resistant acid phosphatase (TRAP), and hyaluronoglucosaminidase 1 (HYA1), was evaluated by the same method. The results were reported as the relative expression normalized to the transcript level of the housekeeping gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Statistical Analysis.
For statistical analysis, all data were expressed as the means ± standard deviations (SD) ( = 3-6). Statistical comparisons were performed by Student's t-tests with < 0.05 indicating statistical significance and < 0.01 indicating high statistical significance. Figure 1 , the micromorphology of the samples with ceramic nanocoatings was rough (Figures 1(b)-1(e) ), which was different from the Ti substrate (Figure 1(a) ). Some ceramic big particles, which are labeled by blue arrows in Figure 1 , were observed on surface of Zn/Ca (0) and additional nanoparticles or aggregations adhered on the nanocoatings of Ca 2 ZnSi 2 O 7 (red arrows in Figure 1) . These results were similar to those of previous studies [11] . However, with increasing Zn content in the nanocoating, the surface nanoparticles decreased gradually from Zn/Ca (0.1) to Zn/Ca (0.5). Similarly, sizes distribution of surface particles also showed a decreasing tendency, and average sizes of Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5) are 401 ± 195 nm, 212 ± 47 nm, 178 ± 61 nm, and 119 ± 67 nm, respectively. These results indicate that Zn content changed the structure of the ceramic nanocoatings. Interestingly, the introduction of Zn did not affect the surface hydrophilicity of the coatings, as measured by the water contact angle test. As shown in Figure 2 ∘ . Thus, these nanocoatings changed the surface physical property by transforming the microstructures. However, different Zn/Ca ratios among the nanocoatings did not have a large effect on surface hydrophilicity.
Results and Discussion
Release of Zn
2+ from Nanocoatings. Furthermore, the influence of the potential slow release of Zn from the nanocoatings was evaluated. As shown in Figure 3 , Zn
2+
showed typical slow release from the nanocoatings of Ca 2 ZnSi 2 O 7 with different Zn/Ca ratios, with a burst release in the initial 12 h. Ultimately, with increasing Zn content in the nanocoatings, the order of accumulated Zn 2+ concentration in the medium was Ti = Zn/Ca (0) < Zn/Ca (0.1) < Zn/Ca (0.3) < Zn/Ca (0.5). The contents of Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5) were 3.12, 5.89, and 9.41 ppm, respectively. In contrast, released Zn 2+ from sample Zn/Ca (0), representing Ca 2 SiO 3 , was close to 0, similarly to sample Ti. In previous studies [19] [20] [21] [22] , Zn, an important element in cells and the body, was introduced into an inorganic compound coating, such as hydroxyapatite (HA). To improve the osseointegration properties of the hydroxyapatite-titanium substrate (HA/TiO 2 ), Zhang et al. prepared Zn containing hydroxyapatite titania (ZnHA/TiO 2 ) hybrid coatings on titanium, and the released Zn 2+ was investigated [22] . However, Zn was only mixed into the microporous structure of HA, not TiO 2 . In contrast, Ca 2 ZnSi 2 O 7 , a Zn-modified Ca-Si coating, has been reported as a biometrical substrate for bone-related cell culture. However, the potential slow release of Zn 2+ was not evaluated. We found that Zn can promote osteoblast proliferation and differentiation compared to on pure Ca-Si based coatings. Zn may have been released slowly from the hybrid nanocoating, playing an important role in the effect on osteoblasts.
Behaviors of Cells on Nanocoatings.
Some materials can affect osteoclasts when stimulating osteoblasts because of the dynamic balance of these cells [13, 14] . MC3T3-E1 and RAW 264.7 cells, as cell models of osteoblasts and osteoclasts, respectively, were employed in this study and cultivated on the surface of all samples for proliferation analysis. MC3T3-E1 cells and RAW 264.7 cells grew in 7 days. As shown in Figures 4 and 5 , the numbers of RAW 264.7 cells on all nanocoatings were similar, containing Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5), which were lower than on pure Ti discs at day 3. At day 7, the number of cells increased as Zn content increased and then decreased at a Zn/Ca ratio of 0.3. Attentively, the samples without Zn, Ti, and Zn/Ca (0) showed better cell growth, revealing how the nanocoatings with the Zn element inhibited osteoclast through inhibitory or biphasic effects of Zn on osteoclastic bone resorption [9] . Moreover, the formation of multinucleated cells is the main feature of osteoclast-like cells. Some multinucleated cells were found in samples Ti and Zn/Ca (0), indicated by asterisk in Figure 4 In contrast to RAW 264.7 cells, MC3T3-E1 cells on the discs with Zn nanocoating showed higher viability than samples without Zn, similarly to our previous results [11] . Differences in cell number and morphology were determined by SEM as shown in Figure 6 . A larger number of normal RAW 264.7 cells was found on samples Ti and Zn/Ca (0). In contrast, MC3T3-E1 cells preferred to adhere and grew well on Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5).
These results show that nanocoating with higher Zn content promotes osteoblasts while inhibiting osteoclasts. Changes in the shape and number of MC3T3-E1 and RAW 264.7 cells were also observed by confocal laser scanning microscopy as shown in Figure 4 and SEM in Figure 6 .
With in vitro release test, we discovered the accumulative release curves of Zn 2+ for all nanocoatings samples started to be steady at day 3. Hence, day 3 is an important time point Journal of Nanomaterials for cells in this study. In early stage, Zn 2+ concentration was lacking; the concentration is maximum for cell growth for starting at day 3. Maybe it is the main reason that there is no remarkable difference of cells in all nanocoatings samples at day 3; however it was changed to be remarkable at day 7.
Response of Cells on Nanocoatings.
To explore the inhibition of osteoclastic differentiation of Ca 2 ZnSi 2 O 7 ceramic nanocoating with different Zn/Ca ratios, the expression of three relative genes, OAR, TRAP, and HYA1, was assessed by RT-qPCR. In Figures 7(a)-7(c) , gene expression in RAW 264.7 cells was downregulated with increasing Zn in the nanocoating. The effect of sample Zn/Ca (0.3) was most significant, which was lower than Zn/Ca (0), Zn/Ca (0.1), Zn/Ca (0.5) and Ti discs for any osteoclastic genes. Because of the lack of Zn, the Zn/Ca (0) (i.e., CaSiO 3 nanocoating) showed similar expression of OAR and HYA1 on the Ti discs, but TRAP expression was slightly higher than on Ti. This demonstrates that Zn-loading of the nanocoating inhibited RAW 264.7 cell differentiation by affecting mRNA expression related to the osteoclastogenic response, particularly for Zn/Ca (0.3). On the contrary, overmuch Zn, such as sample Zn/Ca (0.5), could also affect related gene expression, but not best. When RANKL binds to RANK, various signaling pathways (e.g., OAR, TRAP, and HYA1) in RAW 264.7 cells can be rapidly activated to facilitate osteoclast differentiation. RANKL can stimulate some transcription factors, such as AP-1, through mitogen-activated protein kinase (MAPK) activation, and NF-kappaB through IkappaB kinase (IKK) activation [23] . Hence, these pathways play an important role in osteoclastogenesis. In our study, suppression of these signaling pathways was thought to inhibit osteoclast differentiation on the Ca 2 ZnSi 2 O 7 ceramic nanocoating. However, the inhibition mechanism of Zn in osteoclast differentiation requires further analysis [2, 12] .
To further evaluate the mechanism of the promotion of osteogenic differentiation of MC3T3-E1 cells, the expression of related genes was also evaluated. As shown in Figures 7(d)-7(f), sample Zn/Ca (0.3), which was modified by a ceramic nanocoating at a 0.3 Zn/Ca ratio, always showed the highest mRNA expression of ALP, COL-1, and OCN. In addition, samples loaded with higher or lower Zn content than Zn/Ca (0.3), that is, Zn/Ca (0.1) and Zn/Ca (0.5), showed higher expression of ALP and OCN in MC3T3-E1 cells than in samples Ti and Zn/Ca (0). This result is in accordance with previous results of ALP gene regulation, which indicated that the Ca 2 ZnSi 2 O 7 nanocoating has a greater ability to stimulate preosteoblast differentiation compared to CaSiO 3 nanocoating and Ti discs. And ALP is a Zn-dependent enzyme, illustrated in past reports, while others were secreted solely by osteoblasts and thought to play a role in cell mineralization and calcium ion homeostasis. In addition, ALP acts as initiators of biological mineralization [24, 25] , which is very important for osteogenic differentiation. The results of peak-tendency for osteoblast of mRNA expression also explain why the expression of these genes was changed by Zn content in a dose-dependent manner, with the Zn/Ca ratio of 0.3 showing the best results.
Interestingly, two profiles of relevant mRNA expression, the peak-tendency for osteoblast and valley-tendency for osteoclasts, were complementary. Thus, the Zn content in the Ca 2 ZnSi 2 O 7 nanocoating may simultaneously regulate osteogenic-osteoclastic differentiation because of the slow release of introduced Zn.
Conclusions
By comparison of the Ti surface, the morphology of Ca 2 ZnSi 2 O 7 ceramic nanocoating with Zn/Ca (0.1), Zn/Ca (0.3), and Zn/Ca (0.5) was rough and mixed with some nanoparticles or aggregations, which differed from Zn/Ca (0) (CaSiO 3 nanocoating) and Ti. Additionally, the Ca 2 ZnSi 2 O 7 ceramic nanocoating showed a typical slow release of Zn
2+
with a burst release during the initial 12 h. MC3T3-E1 cells showed the highest cell viability on sample Zn/Ca (0.3), and all the expressions of the ALP, COL-1, and OCN genes involved in osteogenic differentiation were upregulated. In contrast, for Zn/Ca (0.3), RAW 264.7 cells showed the lowest cell viability and inhibited the osteoclastic gene expressions of OAR, TRAP, and HYA1. In summary, the optimal ZnCa ratio of 0.3 in the Ca 2 ZnSi 2 O 7 ceramic nanocoating on Ti with Zn 2+ slow release may have osteoblast-promoting and osteoclast-inhibiting effects to form a dynamic balance between osteoblasts/osteoclasts.
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